Introduction
This paper offers a case study of incomplete neutralization of a vowel length contrast in Japanese, and serves as a better-controlled follow up to our previous study (Braver & Kawahara, 2014) . Incomplete neutralization refers to cases in which two segments that are apparently neutralized phonologically are realized with subtle phonetic differences on the surface. A classic case of incomplete neutralization is final devoicing, in which devoiced segments are realized differently than underlyingly voiced segments. For example, Port & O'Dell (1985) found that in German, 1 vowels preceding devoiced stops are approximately 15 ms longer than those before underlying stops. They also found differences in aspiration duration, voicing duration, and closure duration-each of which was consistent (to a reduced degree) with the differences found between voiced and voiceless consonants in non-devoicing contexts cross-linguistically.
Since Port and O'Dell's classic finding, incomplete neutralization has been found in a number of other patterns, including epenthesis in Levantine Arabic (Gouskova & Hall, 2009) , flapping in American English (Braver, 2014) , insertion of intrusive stops in English (Fourakis & Port, 1986) , tonal neutralization in Cantonese (Yu, 2007) , voicing assimilation in Russian (Burton & Robblee, 1997) , [@] -insertion in English speakers' pronunciation of non-native clusters (Davidson, 2006) , and coda aspiration in Eastern Andalusian Spanish (Gerfen, 2002) .
While the vast majority of previously described cases of incomplete neutralization center on featureand segment-level contrasts, our aim is to provide evidence of a novel case of incomplete neutralization in the domain of duration-based length contrasts, further expanding the typology of incomplete neutralization patterns. A few durational phenomena have been alleged to be cases of incomplete neutralization; however, such examples are amenable to reanalysis as more straightforward phonetic processes.
For example, in Chickasaw (Gordon & Munro, 2007) both underlyingly short and underlyingly long vowels lengthen in final position. Similarly, in St. Lawrence Island Yupik (Krauss 1975 , Leer 1985 , Hayes 1995 , Swedish (Bruce 1984 , Hayes 1995 , Tongan (Hayes, 1995:84) , and Wargamay (Hayes, 1995:84) , there is a reported durational distinction between lengthened short vowels and underlyingly long vowels. Such cases, however, appear to be the result of phonetic stress-based or domain-final lengthening.
Another alleged case of durational incomplete neutralization is found in Kinyarwanda, where a binary short/long vowel length contrast surfaces as three different phonetic durations: short vowels, lengthened short vowels (before NC sequences), and long vowels (Meyers, 2005) . However, as Meyers himself argues, the distinction between lengthened and long vowels is best described as phonetic shortening of vowels in closed syllables (Fowler, 1983; Maddieson, 1985) . Since this case, too, has a plausible phonetically-based analysis, it is not clear whether it is incomplete neutralization per se.
Given these phonetically-driven cases of subphonemic distinctions, one can ask whether incomplete neutralization has a truly phonological basis at all. One implementation of the pure phonetic view of subphonemic distinctions comes in the form of historical change or drift: two originally distinct phonological categories succumb to phonetic pressures (e.g., coarticulation), causing the distributions of the two categories to, over time, overlap (Pierrehumbert, 2001; Barnes, 2006) . Barnes (2006) , in fact, argues that all cases of incomplete neutralization are implemented in the phonetics; we intend to show that this is not the case.
To be clear, we do not claim that every subphonemic distinction is purely phonological, but rather than the term 'incomplete neutralization' is best reserved for cases where two phonological categories are phonologically merged, yet result in a subphonemic distinction. In order to establish the phonological nature of an instance of incomplete neutralization, it would have to be shown that a phonological process treats the (phonological) output of the incomplete neutralization as a categorical merger (i.e., the phonology 'sees' the two categories as merged), while at the same time we observe a subphonemic, phonetic distinction (Barnes, 2006:229) . We argue that the case of Japanese monomoraic noun lengthening fits this description, and therefore serves as evidence for the phonological nature of at least a subset of the subphonemic distinctions reported in the literature as 'incomplete neutralization'. Incomplete neutralization that is phonologicallybased is potentially of great interest to phonologists, as it presents a challenge to the classical modular feedforward model (Chomsky & Halle 1968; Bermúdez-Otero 2007 ; see §4.2 for further discussion).
Our study centers on a prosodic constraint in Japanese which requires every Prosodic Word to be minimally bimoraic. When monomoraic nouns appear in isolation, they must lengthen to meet this prosodic minimality requirement (Mori, 2002) . The current experiment shows that these lengthened nouns are not as long as underlyingly long nouns-a case of subphonemic distinction. Further, foot-based phenomena such as pitch accent placement are evidenced in both lengthened underlyingly monomoraic and underlyingly bimoraic nouns, suggesting that the lengthening is morphophonological in nature. Because lengthened monomoraic nouns are identical (mora-wise) to underlyingly bimoraic nouns, a difference in duration is not expected. This pattern-phonological identity, but phonetic distinction-is the hallmark of incomplete neutralization. This study expands the typology of incomplete neutralization by showing that duration-based length contrasts can be incompletely neutralized.
Background
Japanese contrasts short vs. long vowels (e.g., [obasan] 'aunt' vs.
[obaasan] 'old lady'). Aspects of this vocalic length contrast have been much studied: for general durational properties of long vowels in Japanese, see Han (1962) , Port et al. (1987) , Mori (2002) , Hirata (2004) , and Kawahara & Braver (2013) ; for secondary, non-durational acoustic correlates, see Behne et al. (1999) , Kinoshita et al. (2002) , and Hirata & Tsukada (2009) . These studies show that the length contrast in Japanese is primarily a matter of phonetic duration, with other acoustic cues being only secondary. Hirata (2004) , for example, shows that long vowels can be up to 150% longer than short vowels.
There is a large body of evidence showing that Japanese has a bimoraic minimality requirement on Prosodic Words (Itô, 1990; Poser, 1990; Mester, 1990; Itô & Mester, 1992; Mori, 2002) . The bimoraicity requirement is observed in many word formation patterns, all of which are based on a bimoraic template, including nickname formation, geisha client name formation, loanword abbreviation, verbal root reduplication, scheduling compounds, and telephone number recitation.
For instance, in the nickname formation pattern, a full name is truncated to two moras before the suffix -chan 2 can be applied. For example, the five-mora name Wasaburoo can be truncated to two moras as in (1b), but not one as in (1c). Similarly, the three-mora name Kotomi can be truncated to either two monomoraic syllables as in (2b), or a single bimoraic syllable, as in (2c). Kotomi cannot, however, be shortened to a single mora, as in (2d d. *ko(-chan) (1 mora) The bimoraicity requirement is evident, too, in telephone number recitation patterns (Itô, 1990) . In the recitation of telephone numbers, monomoraic digits (e.g. ni 'two') are lengthened, as in (3a). Additionally, those digits which have both a monomoraic and a bimoraic allomorph (e.g., shi∼yon 'four') always surface as the bimoraic allomorph, as in (3b).
Nickname formation, telephone number recitation, and numerous other morphophonological processes in Japanese are all based on the requirement that a Prosodic Word must be binary at the moraic level (Itô, 1990; Poser, 1990) . More specifically, a Prosodic Word must contain at least one foot, and that foot must be binary (McCarthy & Prince, 1986 , 1993 (at the moraic level in Japanese), as in (3). Itô (1990) argues that the bimoraic minimality requirement holds only for morphologically derived words. However, Mori (2002) shows that when these monomoraic nouns appear in isolation within a prosodic word (e.g., without case particles and in a non-derived environment), lengthening occurs. She found that monomoraic nouns lengthen in this context by 40-50%, while underlyingly bimoraic nouns do not show such lengthening in the same environment.
3 Therefore, Mori concludes that the lengthening of monomoraic nouns is caused by a phonological bimoraic minimality requirement: monomoraic nouns with a case particle in the same Prosodic Word satisfy the bimoraicity requirement (by virtue of the particle's mora), as in (4a), while monomoraic nouns must gain an additional mora to satisfy this requirement, as in (4b). Although Mori does not include underlyingly long vowels in her stimulus set, she does refer to previous studies (Beckman, 1982; Hoequist, 1983) which have shown that Japanese heavy syllables are generally 66-80% longer than light syllables. A more recent phonetic study by Hirata (2004) shows that long vowels in Japanese can be up to 150% longer than short vowels. This difference between Mori's results (50-50% longer) and other studies on Japanese length distinctions implies, as Mori herself suggests, that we may be observing a case of incomplete neutralization. The experiment reported below sets out to directly test this hypothesis by comparing the vowel duration of lengthened nouns to that of underlyingly long nouns.
Experiment
In this experiment, native speakers of Japanese were asked to read sets of sentences. Each set was constructed with a minimal triplet: (a) an underlyingly monomoraic, short noun with a particle, (b) an underlyingly monomoraic noun without a particle, and (c) an underlyingly bimoraic, long noun. From the previous studies discussed above, we expect (i) that monomoraic nouns are lengthened without case particles, as Mori (2002) found, but (ii) that the lengthened nouns are not as long as underlyingly long vowels.
In our previous experiment with a similar setup (Braver & Kawahara, 2014) , we found that this expectation for a three-way length distinction was met. That study, however, failed to control for two factors. First, of the 11 triplets in that task, 5 contained long nouns that were quoted expressives or interjections (e.g.,「ひー」と叫んた。 hii to sakenda "shouted 'hii"'), which turned out to be longer than non-quoted long vowels. Second, the frame sentence within a given triplet was not held constant-in other words, the frame sentence used for each condition differed. In so doing, sentence-level mora count was not held constant within a triplet. Both of these factors have been better controlled in the present experiment: no quoted expressives or interjections were used, and frame sentences were held constant throughout a triplet.
3.1 Method 3.1.1 Stimuli 15 sets of minimal triplet sentences were constructed, each containing: (a) a monomoraic noun followed by the particle mo ('short/prt' condition), (b) a monomoraic noun without a particle ('short/Ø' condition), and (c) an underlyingly long noun without a particle ('long' condition). A sample set is given in Within each set, the nouns' segmental content was identical, with the exception of vowel length in the long condition and the presence of a case particle in the short/prt condition. We used non-approximant consonants as onsets (if present) in the target nouns to facilitate clear segmentation. Our previous study (Braver & Kawahara, 2014) used the nominative particle ga, since it is arguably the default case marker in Japanese subjects (Inoue, 1997) . In that study, however, we found that [g] sometimes spirantized to [G] , which made the segmentation more difficult. Therefore, in this study, we chose to use the commitative particle mo in the short/prt condition in order to facilitate segmentation. We did not include a particle in the long vowel condition, because our main target comparison was between the short/Ø condition and the long condition, and because Mori (2002) had already shown that long nouns are barely affected in duration by the presence/absence of case particles. 4, 5 All three items within a given set had the same predicate to control for any sentence-level duration compensation effects. The predicate always started with a nonapproximant consonant to make the segmentation more straightforward. A sentence-final discourse particle yo was attached at the end of each sentence to make the stimulus sentences more colloquial, thereby further making the absence of case particles more natural. The list of all the stimuli used in this experiment is provided in the appendix.
Participants
Twelve native speakers of Japanese participated in the experiment. They were all undergraduate students at International Christian University (Tokyo, Japan) and were paid ¥500 for their time. Each speaker signed a consent form before participating in the experiment.
Procedure
The recording session took place in a sound-attenuated room at International Christian University. We used Superlab version 4.0 (Cedrus Corporation, 2010) to present the stimuli. The stimuli were written in the standard Japanese orthography, with a mixture of kanji, katakana, and hiragana (see the appendix).
In each block, every stimulus was presented once, and speakers were asked to read the stimuli as they were presented on the screen. The speakers were allowed to take a short break after each block. The order of the stimuli within each block was randomized by Superlab. Each speaker read each sentence a total of 7 times. 30 minutes was allotted for each speaker to complete the experiment.
Before the main session, as practice, each speaker read all the stimuli once to familiarize themselves with the stimuli and the task. After the practice phase, the experimenter (the second author) answered any questions that they had. Their speech was directly recorded onto a portable recorder (TASCAM DR-40) with a 44k sampling rate and a 16 bit quantization level. The second author sat with each speaker throughout the experiment to monitor the progress of the recording.
The duration of each vowel was measured, starting at the offset of the preceding consonant and ending at the end of visible F2/F3, using Praat (Boersma & Weenink, 2009 ). The offset of a preceding consonant was marked at the onset of periodic energy and visible formant structure. A representative spectrogram is given in Figure 1 to illustrate our segmentation procedure. 3.1.4 Statistical analysis Statistical significance was assessed with a linear mixed model (Baayen, 2008) in which vowel duration was regressed against condition (short/prt, short/Ø, long) as a fixed factor and with speaker and item as random factors. Condition was treatment coded to produce comparisons between short/prt vs. short/Ø (to assess whether lengthening occurs) and short/Ø vs. long (to assess whether lengthened nouns are as long as underlyingly long nouns). Since the way to calculate degrees of freedom for these analyses are not yet known (Baayen, 2008) , the significance values are calculated by the Markov Chain Monte Carlo method using the pvals.fnc() function of the languageR package (Baayen, 2009 ). Of a possible 3,780 tokens (45 stimuli × 7 repetitions × 12 speakers), 3,668 tokens were included in the analysis-tokens were excluded if the vocalic boundary was unclear enough to judge duration or if speakers accidentally skipped an item. Figure 2 shows the overall results, averaging over all speakers and all items. Comparison between the first two conditions shows that short nouns are lengthened when they appear without case particles and hence are longer than short nouns that appear with particles (mean difference: 69.98 ms, t = 15.692, p < 0.001), replicating Mori's (2002) result. Comparison between the last two conditions, however, shows that the lengthened nouns are not as long as underlyingly long nouns (mean difference: 32.47 ms, t = 7.047, p < 0.001). 6 Therefore, the Japanese lengthening pattern instantiates a case of incomplete neutralization. To investigate whether this tripartite distinction holds across speakers, Figure 3 shows the patterns of all 12 speakers analyzed. We observe that all speakers show incomplete neutralization (with the possible exception of Speaker 44): lengthened nouns are not as long as underlyingly long nouns for any speaker. The two speakers with the smallest mean differences between short/Ø and long vowels were speakers 44 and 46. The difference for speaker 46 is significant (short/Ø mean: 139.12, long mean: 147.94, mean difference: 8.82, t = 19.43, p < 0.001). The difference for speaker 44 trends in the same direction as the other speakers, but does not reach significance (short/Ø mean: 125.79, long mean: 131.45, mean difference: 5.66, t = .928, n.s.). Finally, to investigate the possibility of an item effect, Figure 4 shows a by-item analysis, with results for each of the 15 lexical sets. We again observe that within each set, all short nouns are lengthened without particles, but they are not as long as underlyingly long nouns.
Results
3.3 Discussion: The phonological nature of monomoraic lengthening In the current case, lengthening is motivated by a clearly phonological, rather than phonetic, bimoraic minimality constraint in Japanese. The constraint is deeply tied into the morphophonology of Japanese, as it governs many Japanese morphophonological patterns (Itô, 1990; Poser, 1990; Mester, 1990; Itô & Mester, 1992; Mori, 2002) including allomorph selection, as in (3b). Further, the underlyingly monomoraic nouns, when lengthened,
A post-hoc analysis shows that the model remains significant even with the exclusion of this set-short/prt vs. short/Ø: t = −15.192, p < 0.001; short/Ø vs. long: t = −6.847, p < 0.001. can carry a pitch accent (see below). We thus conclude that lengthening is phonological, as it is triggered by a phonological constraint. Since both lengthened and underlyingly bimoraic nouns are treated as bimoraic by the phonology of Japanese, the case of monomoraic noun lengthening constitutes counterevidence to the view that all incomplete neutralization patterns are phonetic in nature (Barnes, 2006:p. 229) .
One piece of evidence which supports the claim that lengthened nouns are, like underlyingly long nouns, bimoraic, comes from haiku. Japanese haiku consist of three lines, with five, seven, and five moras respectively. In the haiku in (5) below, the first word of the last line (ki) is lengthened to kii after dropping the accusative particle o (not shown; periods indicate mora breaks, rather than syllable boundaries). The lengthened kii fills two moraic slots-the final line counts as 5 moras. This suggests that, at least for poetic purposes, lengthened monomoraic nouns are bimoraic. A further piece of evidence which suggests that the phonology treats lengthened and bimoraic nouns similarly is that both lengthened and bimoraic nouns can carry a pitch accent. In other words, the 'lengthened portion' can carry the L tone of the accentual H*L. The tone bearing unit in Japanese is the mora (Haraguchi, 1977; McCawley, 1977) and thus the lengthened vowels must have two moras. Figure 5 shows pitch tracks for ki nakushita yo (underlyingly monomoraic, but lengthened) and kii nakushita yo (underlyingly bimoraic), both from speaker 41; the two figures look almost identical in terms of the shape of the pitch drop. The pitch tracks both demonstrate the H*L tonal pattern associated with Japanese pitch accent on their first syllable. In particular, the L tone of the accentual H*L complex lands on the second mora; in lengthened monomoraic nouns this means that the 'lengthened portion' bears the L tone. Additionally, the fact that the bimoraicity requirement can effect even allomorph selection (a clearly morphological process), as in (3), further suggests that monomoraic lengthening has a phonological basis. 
Conclusion

General implications
The current results suggest that the short/long vowel length distinction in Japanese is incompletely neutralized when monomoraic nouns without case particles are lengthened: these lengthened nouns must have two moras on the surface to meet the Japanese bimoraicity requirement (Itô, 1990; Poser, 1990; Mester, 1990; Itô & Mester, 1992; Mori, 2002 ), yet their vowel durations are intermediate between those of underlyingly short and underlyingly long vowels. As an example, take the set given in (6). Since chi mo (short/prt), in (6a), and chii (long), in (6c), both have two underlying moras within their Prosodic Word, no lengthening is required in these conditions. In order to meet the bimoraicity requirement, chi (short/Ø), in (6b) must link to a second additional mora, since there is no other available underlying segmental content. This study shows, however, that lengthened vowels like those in (6b) are not as long as underlyingly long vowels like those in (6c).
Having established that the Japanese case is indeed a case of incomplete neutralization, some remarks on general theoretical implications are in order. First the current results expand the typology of processes that can lead to incompletely neutralized contrasts to include not just processes at the segment-and feature-level, but also processes motivated by suprasegmental structure. This result is in line with, and perhaps even more robust than, the findings of our previous study (Braver & Kawahara, 2014) .
Second, since the lengthening is triggered by a clearly phonological constraint, it cannot be treated as a matter of phonetic implementation-unlike a number of proposed cases of incomplete neutralization. For example, Ohala (1974) and Fourakis & Port (1986) treat the case of intrusive stops in English as a matter of phonetic implementation. Similarly, Davidson (2006) treats [@]-insertion in English speakers' pronunciation of non-native clusters, which results in an apparent case of incomplete neutralization, as resulting from gestural mis-coordination. If the phenomenon in question is a matter of phonetic implementation, it is not strictly speaking a case of incomplete neutralization, as two segments are not neutralized phonologically. In order to prove that a case of a subphonemic distinction is phonological, and not due purely to phonetic factors, it must be shown that phonology treats the two neutralized categories identically (Barnes, 2006:p. 229 ), as we did in §3.3.
Modeling incomplete neutralization
Phonologically-based incomplete neutralization poses a problem for classical modular feedforward models (Chomsky & Halle, 1968; Bermúdez-Otero, 2007) . Under such models, the two categories being neutralized (in the case of monomoraic lengthening, these are underlyingly bimoraic nouns and lengthened, underlyingly monomoraic nouns) are phonologically neutralized completely-at the level of the phonological output they have the same representation. The phonetic module, which has access only to the phonological output (and not, e.g., to underlying representations), should therefore realize these two categories identically. In incomplete neutralization, though, slight differences remain on the surface.
In an early attempt to reconcile this issue Anderson (1975) suggests that phonetic and phonological rules should be interleaved, rather than phonetic rules always applying after phonological rules. At the time a phonetic rule applies, then, the phonological neutralization may not yet have taken place. As such, we might expect a gradient process to distinguish two categories which will later be rendered phonologically identical.
A more recent alternative is to give the two categories different representations in the phonological output. van Oostendorp (2008) , in an analysis of incomplete neutralization in final devoicing, suggests that segments can stand in two types of relations with underlying feature values-the abstract structural 'projection' relation and the 'pronunciation' relation. Underlyingly voiceless segments have no relation to an underlying [voice] feature, while devoiced segments are in a projection relationship with an underlying [voice] feature. The phonetics, then, can differentiate between underlyingly voiceless and devoiced segments, resulting in incomplete neutralization.
Yet another approach suggests that the phonology has relatively fine-grained control over the phonetic implementation of contrasts (Yu, 2011) . This approach, following Kingston & Diehl (1994:420 fn. 2) allows contrastive features to vary in their realization depending on their context. For example [+voice] in English may be realized with closure voicing intervocalically, but as voiceless unaspirated word-initially. Yu (2011) argues that subphonemic differences such as incomplete neutralization (and near merger) may be modeled along these lines-the two categories remain phonologically distinct, even if the phonetic cues to that distinction in a given context are so impoverished as to "escape detection by traditional methods of linguistic data collection. . . " (p. 311).
A final approach (Braver, 2013 ) models incomplete neutralization with a combination of weighted phonetic constraints (Zsiga, 2000; Flemming, 2001 ) and paradigm uniformity (Benua, 1997; Steriade, 2000) . In this model, the tension between paradigm uniformity (i.e., faithfulness to a morphological relative) and complete neutralization yield the subphonemic distinctions that are the hallmark of incomplete neutralization. With appropriate constraint weightings, this approach can account for incomplete neutralization in a wide variety of contexts. This model is discussed in greater detail in Braver (2013) and Braver & Kawahara (to appear).
Final remarks
We conclude with two brief remarks. First, we note that the typology of processes susceptible to incomplete neutralization must be expanded to include processes-like monomoraic noun lengthening-that affect a contrast of length or prosodic structure. Second, incomplete neutralization-at least in this case-cannot be reduced to a question of phonetic implementation (cf. Barnes, 2006) . Rather, the phonology must play a role by allowing phonetics to distinguish two phonologically neutralized segments. 
Appendix: Stimuli from Experiment
